Introduction
Processing of precursor messenger RNAs (mRNAs) into mature mRNAs involves the concerted action of a complex repertoire of splicing factors and their interaction with RNA cis-elements. Through the active and selective removal of non-coding intervening sequences, mature RNAs are translated, and the sum of which contributes to the expressed proteome. Given the fundamental importance and critical link between RNA splicing and protein expression in higher eukaryotes, one can envision that failure to properly process pre-mRNAs will give rise to aberrant protein products and expression, and will compromise cellular functions that are instrumental for cell proliferation. 1 Indeed, inactivation of various splicing factors results in developmental defects and lethality across different species, underscoring RNA splicing as a conserved and indispensible process essential for cell viability. 2 Whereas the core splicing machinery is attributed to constitutive processing of pre-mRNAs, mounting evidence implicate specific splicing factors in cell cycle progression and apoptosis. 3 Specifically, deficiency in the prototypic SR protein splicing factor ASF/SF2 results in G 2 cell cycle arrest and apoptosis, 4, 5 presumably through the accumulation of DNA double-strand breaks. Similarly, inactivation of spliceosome factors SC-35 and PLRG1 coincided with elevated DNA damage and genome instability. 6, 7 Together, these observations lend credence to the idea that splicing factors may, directly or indirectly, modulate cell the eukaryotic RNA splicing machinery is dedicated to the daunting task of excising intronic sequences on the many nascent RNA transcripts in a cell, and in doing so facilitates proper translation of its transcriptome. Notably, emerging evidence suggests that RNA splicing may also play direct roles in maintaining genome stability. Here we report the identification of the RNA/DNA-binding protein SoN as a component of spliceosome that plays pleiotropic roles during mitotic progression. We found that SoN is essential for cell proliferation, and that its inactivation triggers a MAD2-dependent mitotic delay. Moreover, SoN deficiency is accompanied by defective chromosome congression, compromised chromosome segregation and cytokinesis, which in turn contributes to cellular aneuploidy and cell death. In summary, our study uncovers a specific link between SoN and mitosis, and highlights the potential of RNA processing as additional regulatory mechanisms that govern cell proliferation and division.
SON is a spliceosome-associated factor required for mitotic progression growth and survival. In line with this notion, patient mutations that render splice site recognition faulty give rise to hypomorphic tumor suppressor protein products, including cell cycle control and DNA repair proteins. 8, 9 With the vast number of splicing regulators that exhibit sequence-specific binding in a eukaryotic cell, it remains to be tested how each of them may have evolved to modulate distinct cellular processes in vivo.
Proper chromosome segregation involves the dynamic coordination of a host of factors that control and closely monitor each of the steps during mitosis. The demand for time-efficient separation of the genetic content renders mitosis most vulnerable to genome instability. In this regard, the Spindle Assembly Checkpoint (SAC) plays a pivotal role as a safeguard mechanism that halts sister chromatid separation and anaphase onset until all chromosomes are bi-oriented on the microtubule spindle. 10 Weakened mitotic checkpoint signaling leads to cellular aneuploidy and tumorigenesis and even cell death. 11 Although a plethora of factors, amongst which include numerous splicing factors, have been short-listed for roles in promoting orderly mitotic progression, [12] [13] [14] [15] it remains a challenging task to functionally dissect how each of them contributes to a successful cell division event.
Results

SON associates with spliceosomes.
With the aim to uncover mechanistic links between RNA splicing and mitosis, we factor PRP8, normally associates with chromatin in interphase cells but is released during mitosis (Fig. 1C) . Similarly, indirect immunofluorescence studies indicate that SON is concentrated in nuclear speckles during interphase and becomes dispersed at metaphase (Fig. 1D) . Finally, using SC-35 as a surrogate marker for spliceosome functions, we found that depletion of SON results in discernible alterations to SC-35 immunostaining (Fig. 1E) , which resemble those observed upon drug-induced pre-mRNA splicing inhibition. 19, 20 Taken together, these results implicate SON as a potential spliceosome component which may be required for efficient processing of pre-mRNAs.
SON depletion activates the spindle assembly checkpoint. Recent evidence implicated splicing factors in maintaining genome stability, 5, 6, 21 and that deficiencies in various splicing factors trigger cell cycle arrest and apoptosis. 4, 6, 22 When we depleted HeLa cells of endogenous SON expression using two independent performed literature search and identified the RNA/DNAbinding domain containing protein SON as a candidate mitotic regulator. Consistent with previous reports, 16, 17 cytological analysis of SON proteins revealed distinct focal structures that overlap with the spliceosome marker SC-35 (Fig. 1A) . Analysis of SONassociated proteins by affinity purification and mass spectrometry revealed the identity of a number of splicing factors (Suppl .  Table 1 ), including PRP8 and ASF/SF2. Their in vivo interactions were confirmed by immunoprecipitating endogenous SON protein-complexes followed by western blot analysis (Fig. 1B) . Since nuclear speckles enriched in splicing factors disassemble during mitosis, 18 to strengthen the notion of a physical association of SON with spliceosome components, we performed biochemical fractionation experiments using lysates derived from asynchronised or nocodazole-treated HeLa cells (Fig. 1C) .
Immunoblotting results suggest that SON, similar to splicing with cellular aneuploidy and cell death. 11 Given that SON deficiencies elevated the percentage of mitotic cell populations, we tested whether the SAC may be responsible for this phenotype by inactivating MAD2, an essential component of the mitotic checkpoint. In cells co-depleted of SON and MAD2 (Fig. 2D) , the SON-associated increase in mitotic cell fraction was reversed (Fig. 2E) , suggesting that SON deficiency activates the MAD2-dependent SAC. By contrast, co-depletion of SON and CHK1 did not alter the elevated percentage of mitotic cells as compared to SON depletion alone, indicating that the G 2 /M checkpoint kinase CHK1 is not involved in this process.
SON inactivation leads to mitotic aberrations. To determine specifically where SON-depleted cells accumulate in mitosis, we first compared the proportion of siRNA-treated cells in siRNAs ( Fig. 2A) , we observed prominent decrease in cell proliferation as compared to control (CTR) siRNA-treated cells ( Fig.  2B; reviewed in ref. 23) . Moreover, downregulation of SON was accompanied by dramatic morphological changes, including cell rounding (data not shown). To confirm that these rounded cells represent mitotic cells, we performed flow cytometry analysis using phospho-H3 as a mitotic indicator. Indeed, pre-treatment of both SON-specific siRNAs resulted in substantially elevated percentage of mitotic cell populations (Fig. 2C) , suggesting that SON is required for mitotic progression. The spindle-assembly checkpoint (SAC) plays a pivotal role in maintaining genome stability, and represents an important safeguard via which cells ensure proper chromosome segregation. 10 Failure to properly activate the spindle-assembly checkpoint is often associated activity is required. Future experiments will be needed to address this possibility.
SON protein concentrates in nuclear speckles that perfectly overlap with those of the spliceosome marker SC-35 during interphase (Fig. 1A) . Importantly, by following SON proteins at different phases of mitosis, we observed dynamic changes of its sub-cellular localisation (Fig. 1D) . Resembling those of SC-35, 18 our results clearly showed that SON becomes diffusely localized at metaphase. Thus, given that SON deficiency first arrests cells at prometaphase (Fig. 3A, E and F) , we favor the possibility that SON ensures proper chromosome dynamics prior to mitotic entry.
In conclusion, our study identifies SON as an important cellular component required for mitotic progression and cell survival. Interestingly, SON was recently implicated a role in influenza virus replication, 24 thus it remains to be tested whether SON, via its spliceosome-associated functions, may regulate diverse cellular processes through specific recognition of a subset of pre-mRNAs. In an era where RNA processing is emerging as an important gene regulatory mechanism, much of the inner-workings of RNA splicing remains obscure, and has hampered advances in understanding the functional specificities of splicing regulators. Thus, the intimate link between RNA splicing, its regulation of cellular functions, and its contributions to human diseases deserve to be systematically investigated.
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Methods and Materials
Antibodies. Anti-SON polyclonal antibody was raised against GST-SON fusion protein (residues 790-1409) and affinity purified using column coated with MBP-SON fusion protein.
Antibodies specifically recognizing PRP8 and ASF/SF2 were obtained from Santa Cruz. Anti-MAD2 and anti-SC-35 antibodies were obtained from BD Biosciences. Anti-actin and anti-alpha-tubulin antibodies were obtained from Sigma. Antihistone H3, anti-phospho-H3 and anti-CHK1 antibodies were previously described.
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Interaction studies and biochemical fractionation. Tandem affinity purification using strepatavidin binding peptide-S peptide-tagged SON cDNA fragment (Image clone: 3161999) was performed essentially as described. 27 In vivo interactions between SON and various splicing factors were done by co-immunoprecipitating SON complex from benzoase-treated cell lysate using protein-A beads conjugated with anti-SON antibodies. Biochemical fractionation experiments were done as described previously.
Cell culture, siRNA-mediated gene silencing, cell cycle analysis and immunofluorescent staining. HeLa cells were cultured in DMEM media supplemented with 10% fetal bovine serum (FBS) and maintained in 5% CO 2 at 37°C. SON-targeting siRNAs were purchased from Dharmacon and were transfected using Oligofectamine (Invitrogen) following manufacturer's protocol. Percentage of mitotic populations (phospho-H3 positive cells) were analysed by flow cytometry. Immunofluorescence studies were performed as described. 26 each phase of mitosis. Consistent with SON-depletion incurring a MAD2-dependent checkpoint delay, we observed significant increase of cell fractions in prometaphase and metaphase in SON siRNA-transfected cells (Fig. 3A) . Since SON siRNA-treated cells were equally sensitive to the microtubule-depolymerising agent nocodazole as control cells (Fig. 3B) , we asked whether SON deficiency may compromise chromosome congression, a common defect associated with SAC activation. Quantification of fixed cells revealed significantly higher percentage of SON siRNA-treated cells with mis-aligned chromosomes (Fig. 3C  and D) . In addition, by monitoring GFP-H2B-expressing HeLa cells using time-lapse microscopy, we found that SON deficiency is associated with frequent chromosome congression failure, which in turn leads to prolonged prometaphase and metaphase arrests (Fig. 3E and F) .
SON silencing results in defective cytokinesis and compromises cell survival. Significantly, although a sub-population of SON-depleted cells eventually progressed into anaphase and telophase, they often do so at the expense of aberrant chromosome segregation. Indeed, internuclear bridges as well as abnormal nuclei can be readily detected in SON-depleted cells (Fig. 4A  and B) . Furthermore, we found that SON depletion resulted in accumulation of cells with sub-G 1 DNA content over time (Fig.  4C) , which is a hallmark of apoptotic cell death. Taken together, these observations indicate that SON is essential for proper chromatin dynamics in preparation for mitotic division, and that perturbing SON functions compromises genome integrity, contributes to cellular aneuploidy and reduces cell survival.
Discussion
Full-length human SON is a polypeptide of 2, 426 amino acids and harbors domains typical of RNA processing factors. 17 Here we propose that SON is a spliceosome component by virtue of its physical interactions with spliceosomal factors (Fig. 1B) and its distinct subcellular localization (Fig. 1A and D) . The fact that SON depletion phenocopies spliceosome inhibition, 19, 20 rendering discernible changes in SC-35 focal accumulation (Fig. 1E) , suggests that SON deficiency may hinder processing of pre-mRNAs important for a number of cellular processes. Whether SON modulates or is endowed with RNA splicing activity will require further work. However, since SON deficiency is associated with pleiotropic defects during mitosis, it is tempting to speculate that SON may have evolved to target and regulate a sub-set of mitotic regulators.
Dysregulation of chromosome dynamics during mitosis has profound effects on cell proliferation and survival. Indeed, our data indicated that SON promotes mitotic fidelity, failure of which compromises cell survival (Fig. 4C) . In support of a prominent and specific role of SON in mitosis, SON silencing activated the MAD2-dependent SAC and resulted in defective chromosome dynamics. Although SON is clearly essential for orderly mitotic progression, we do not currently know if these mitotic defects are associated with its putative role in regulating spliceosome function, largely because the large size of SON cDNA has precluded us from testing whether its putative splicing 
Note
Supplementary materials can be found at: www.landesbioscience.com/supplement/HuenCC9-13-Sup.xls Time-lapse microscopy. H2B-GFP expressing HeLa cells were seeded, transfected with control or SON siRNAs, and were monitored for 8 hours. Cells were placed in a live cell stagemounted environment chamber and images were captured at 3-minute intervals using an automated microscope (LSM510 Meta Zeiss) equipped with Axiovision (V4.6). 
